The effect of fatigue damage (FD) on the energy absorption properties of precompressed honeycomb paperboard is investigated by fatigue compression experiments. The constitutive relations of honeycomb paperboard have been changed after the fatigue damage. The results show that FD has effect on plateau stress and energy absorption capacity of honeycomb paperboard after fatigue cycles but has no significant effect on densification strain. Energy absorption diagram based on the effect of FD is constructed from the stress-strain curves obtained after fatigue compression experiments. FD is a significant consideration for honeycomb paperboard after transports. The results of this paper could be used for optimization design of packaging materials.
Introduction
Honeycomb paperboard is a kind of widely used packaging material. Energy absorption diagrams are a method to evaluate the cushioning properties of cushioning materials, and it has been reported as being successfully applied to plastic foams and aluminum alloy material [1] . Many researchers [2] [3] [4] [5] have studied the cushioning properties and energy absorption property of honeycomb paperboard.
Guo and Zhang [6] tested the shock absorbing characteristics and vibration transmissibility of honeycomb paperboard. The honeycomb paperboard system is a nonlinear packaging system. In recent years, Wang et al. [7] establishedthe three-dimensional shock spectrum of critical component for nonlinear packaging system. Chen [8] studied the shock characteristics of tilted support spring packaging system with critical components.
The problem is that there is an initial peak stress at the end of the elastic stage, which is harmful to the protective packaging. In the past years, many researchers [9] [10] [11] have found that the precompression could suppress the initial peak stress and they have studied the cushioning properties of precompressed honeycomb paperboard.
Sun [12, 13] analyzed the load capacity and S-N curve of the corrugated paperboard. Rouillard et al. [14, 15] monitored the evolution of fatigue damage of corrugated paperboard in packaging systems under sustained random loading. Fan and Lu [16] analyzed the effect of fatigue damage on innerresonance conditions of precompressed honeycomb paperboard system.
Though the protective performance of honeycomb paperboard has been thoroughly studied, few works on the performance of precompressed honeycomb paperboard were reported in literature, especially on the effect of fatigue damage on energy absorption properties of honeycomb paperboard.
The aims of this study are to (a) examine the effect of FD on the energy absorption properties of honeycomb paperboards with varying thickness-to-length ratios, (b) establish energy absorption diagram based on the effect of FD for honeycomb paperboard with different configurations. 
Experimental Materials and Methods
The specimens of honeycomb paperboards were supplied by the professional manufacturing industry of HONICEL Honeycomb Material Group (Changshu, Suzhou, China). The specifications and characteristics of specimens are listed in The dimension of specimen was made of 100 mm × 100 mm. All samples were first preconditioned for 24 hours in 23 ∘ C, 50% RH. After that, the samples were precompressed 15%, 20%, 25%, 30%, and 40% strain ratio test with a constant rate of 12 mm/min, after which the specimens were placed in storage environment for 2 hours to fully release the compression stress and then divided into three groups and conducted 10% strain ratio fatigue compression test for = 0, 10000, 20000, 30000, and 50000 cycles separately. Finally, the specimens after all tests above were compressed separately with a constant rate of 12 mm/min. Strain ratio means nominal strain and 40 mm height is used as the initial length of specimens to calculate strain ratio even if the permanent strain exists.
The strain and stress data in each test were recorded by an automatic data acquisition and then were converted to stress versus strain curves by executing MATLAB [MATLAB R2007, The Math Works, Inc.] program. The stress-strain curves were used to analyse the mechanical behaviors of corrugated medium and the energy absorption properties of honeycomb paperboard under five levels of FD.
Results and Discussion

Mechanical Behavior of Honeycomb Paperboard as
Response to FD. Figure 1 shows the stress-strain curve of the honeycomb paperboards precompressed 15% strain ratio, and all samples conducted 10% strain ratio fatigue compression test for = 0, 10000, 20000, 30000, and 50000 separately. According to Figure 1 , the initial peak stress disappeared. The compression stress-strain curve of precompressed honeycomb paperboard has three stages, which includes the elastic, plateau, and densification stages.
Plateau stress of honeycomb paperboard is the average value of the plateau stages.
It can be seen from Table 2 that the plateau stress can be divided into two stages demarcated by = 30000. The plateau stress is sensitive to FD from = 0 to 30000 and FD has no significant effect on plateau stress from = 30000 to 50000. For example, the plateau stresses of three kinds of honeycomb paperboards (AB-type, B-type and C-type, resp.) tested from = 0 to 30000 decreased by 29.3%, 27.5%, and 23.2%, respectively; the plateau stress decreased significantly with the increasing of FD. Taking honeycomb paperboard with the thickness-to-length ratio of 0.0263, for example, its plateau stress at = 50000 decreased by 4.87%.
Densification strain is the ratio of the maximum height reduction to the initial height of honeycomb cell during the crush process.
According to Table 3 , densification strain is the ratio of the maximum height reduction to the initial height of honeycomb cell during the crush process. It can be concluded that FD has no significant effect on the densification strains as well as various humidity [18] .
Experiment results under five levels of FD can be averaged and be taken as the densification strain of this honeycomb type: / = 0.0263 and = 0.7582; / = 0.0238 and = 0.7673; / = 0.0219 and = 0.7808. Figure 2 shows the stress-strain curves of the honeycomb paperboards ( / = 0.0263) precompressed 15%, 20%, 25%, 30%, and 40% strain ratio, and all specimens conducted 10% strain ratio fatigue compression test for = 0, 10000, 20000, 30000, and 50000 separately. It can be also seen that precompression has no significant effect on the densification strains.
It can be seen from Table 4 that the plateau stress can also be divided into two stages demarcated by = 25%. The plateau stress is sensitive from = 15% to = 25% and FD has slight effect on plateau stress from = 25% to = 40%. For example, the plateau stresses of honeycomb paperboard ( / = 0.0263) from = 15% to = 25% under various FD decreased by 21.5%, 21.6%, 20.1%, and 21.9% respectively; the plateau stress decreased significantly with precompression increasing. But its plateau and plateau stress from = 25% to = 40% decreased by 12.1%, 12.9%, 14.4%, and 10.7%.
Energy Absorption Property of Honeycomb Paperboard as
Response to FD. The effect of FD on the energy absorption property of honeycomb paperboard is investigated from different aspects, including efficiency, energy absorption per unit volume, and ideality of energy absorption curves [18] . In this paper, honeycomb paperboard is investigated from efficiency, energy absorption curves, and energy absorption per unit volume. Efficiency ( ) is an indicator to characterize the energy absorption performance of packaging material and can be computed by the formulas as follows:
where is efficiency, represents static strain, and represents static stress. According to Figure 3 the efficiency curve goes through a maximum but for each honeycomb paperboard this max point is attained at a different stress. Efficiency of energy absorption changes steeply from = 0 to 30000 but decreases slightly when = 30000 to 50000.
Energy absorption per unit volume of three kinds of honeycomb paperboards under five levels of FD is calculated by (2) . The results are listed in Table 5 :
It can be seen that energy absorption per unit volume of honeycomb paperboard decreases with FD increasing. The relationship between the energy absorption per unit volume of honeycomb paperboard with the same / value and the FD can be divided into two phases: the energy absorption per unit volume has the large fluctuations FD from = 0 to 30000, while it decreases slightly with FD from = 30000 to 50000.
Since FD has no significant effect on densification strain of honeycomb paperboard, the energy absorption per unit volume under different levels of FD is dependent on plateau stress.
The relationship between the energy absorption per unit volume and FD can also be characterized by the energy absorption curves by running MATLAB programs (Figure 4) . It can be seen that inflections of energy absorption curves shift to the lower left corner with the increasing of FD from = 0 to 30000, but they are about the same when = 30000 to 50000. It suggests a weakening of load carrying property and energy absorption capacity of honeycomb paperboard Energy absorption per unit volume of paper honeycomb under various precompression is calculated by (2) . The results are listed in Table 6 .
It can be seen that energy absorption per unit volume of honeycomb paperboard decreases with precompression increasing. The relationship between the energy absorption per unit volume of honeycomb paperboard under various precompression and the FD can be divided into two phases: the energy absorption per unit volume has the large fluctuations FD from = 15% to = 25%, while it decreases slightly from = 25% to = 40%. For example, the energy absorption per unit volume ( = 10000) decreased by 24.42% from = 15% to = 25% but decreased by 13.21% from = 25% to = 40%. Above all, precompression has significant effect on the energy absorption of honeycomb paperboard. Figure 6 shows energy absorption curves by running MATLAB programs. It can be seen that the fatigue damage has much significant effect on energy absorption after precompression. The inflections of energy absorption curves shift rapidly to the lower left corner with the increasing of precompression from = 15% to = 25%, but they have little fluctuations with the increasing of precompression from = 25% to = 40%.
Conclusions
Responses of honeycomb paperboard with different values of thickness-to-length ratio under different levels of FD were studied in this paper. The experimental results suggest that the effect of FD on the mechanical behavior and the energy absorption properties of honeycomb paperboard were elucidated.
The plateau stress and FD can be divided into two stages demarcated by = 30000. The plateau stress is sensitive to FD from = 0 to 30000 and FD has no significant effect on plateau stress from = 30000 to 50000. FD has no significant effect on the densification strains.
Efficiency of energy absorption changes steeply from = 0 to 30000 but decreases slightly when = 30000 to 50000. The energy absorption per unit volume has the large fluctuations FD from = 0 to 30000, while it decreases slightly with FD from = 30000 to 50000. Inflections of energy absorption curves shift to the lower left corner with the increasing of FD from = 0 to 30000, but they are about the same when = 30000 to 50000.
The plateau stress is sensitive to precompression from = 15% to = 25% and FD has slight effect on plateau stress from = 25% to = 40%. Precompression has no significant effect on the densification strains.
The fatigue damage has much significant effect on energy absorption after precompression.
Efficiency of energy absorption changes steeply by precompression. The inflections of energy absorption curves shift rapidly to the lower left corner with the increasing of precompression from = 15% to = 25%, but they have little fluctuations with the increasing of precompression from = 25% to = 40%.
